Recent advances in understanding the molecular basis of taste physiology in fish could open new opportunities to optimize feeding performance in aquaculture. This is particularly relevant at a time when alternative ingredients are being increasingly used, often reducing the digestibility and acceptability of fish diets, even if they are nutritionally balanced. The molecular characterization of fish taste receptors T1Rs and T2Rs revealed common taste discrimination mechanisms among vertebrates. In addition, data so far appear to indicate that taste signaling elements are conserved from fish to mammals. Nevertheless, fundamental differences between ligand specificities of taste receptors, and the presence of multiple T1R2s in fish species, underlines evolutionary adaptations of the T1R2 receptor to sense metabolically important nutrients, with a shift from sugars in mammals to amino acids in teleosts. This fits well with electrophysiological and behavioral studies on ligand specificities and taste preferences in several fish species. On the other hand, synergistic responses between different attractants could result from additive effects of independent receptor sites and response mechanisms, and this knowledge can be of practical interest to specifically design stimulant mixtures to modulate feed intake in aquaculture. Mammalian taste receptors and signaling elements have also been identified in the gastrointestinal tract, where they trigger multiple endocrine and neuronal pathways regulating digestion, nutrient absorption, feeding, and metabolism. Evidence for the existence of these receptors and signaling pathways in fish guts have recently been uncovered, suggesting that sensory properties of the diet might also have functional effects beyond oral taste sensations and palatability.
Introduction
Fish feeding behavior is affected by several sensory systems intervening from the detection of a food item (vision, olfaction, acoustic, lateral line organ, and electroreception) up to its swallowing (taste, mechanoreception). Palatability and taste are two terms often used interchangeably which are determined mostly by the chemical characteristics of the food, although its physical properties can also affect the acceptability and final ingestion or rejection of the food. Fish have been often employed as a model for taste research, as they show a higher sensitivity (estimated thresholds for the most potent substances are less than 10 ¡9 M; Kasumyan and Døving, 2003) to tastants than mammals. Furthermore, some species present specialized taste organs (e.g., barbels in catfishes have an extremely high concentration of taste buds connected to the facial nerves) that are ideal to study taste nerve responses to tastants (Yasuoka and Abe, 2009) . Therefore, many classical electrophysiological studies have extensively characterized the response of fish taste nerves to a range of compounds, including amino acids (AAs), nucleic acids, organic and inorganic acids, fatty acids, alkaloids, and salts on several species. Nevertheless, only recently information started being gathered on fish-specific taste receptors and transduction pathways. Knowledge gathered so far points to similar mechanisms as in mammals, with some particularities, which will be reviewed here. In addition, possible practical implications in fish feeding and performance, with particular interest in aquaculture, will be discussed.
The gustatory system
Fish living in aquatic environments often deprived of light and rich in dissolved compounds have evolved a variety of well-developed chemosensory systems, including olfaction, taste and solitary chemosensory cells (Hara, 1994) . In the aquatic environment, both olfaction and taste receptors are used to detect food at a distance and hence both are involved CONTACT Sofia Morais sofia.morais@lucta.com Lucta S.A., Innovation Division, UAB Research Park, Eureka building, 08193 Bellaterra, Spain.
in determining the attractability of food with respect to its chemical cues, but it is the gustatory system which provides the final evaluation of the sensorial and nutritional properties of the food, affecting the consummatory phase of feeding behavior. Contrary to the olfactory response, which tends to be less plastic and common to most species, and probably involved in basic functions such as kin-nonkin recognition, prey-predator interactions, and territory or homing recognition (Goh and Tamura, 1980a; Hara, 1994) , taste plays a role only in feeding behavior. Furthermore, there is often a lack of correlation between olfactory and taste sensitivity, and taste preferences are highly species specific, as will be discussed below (Goh and Tamura, 1980a; Kasumyan and Døving, 2003) . Morphologically speaking, the gustatory system has been extensively studied (reviewed in Hara, 1994; Kasumyan and Døving, 2003; Hansen and Reutter, 2004) and will only be briefly mentioned here. Many classical studies have described the morphology and distribution of fish taste buds (e.g., Crisp et al., 1975; Grover-Johnson and Farbman, 1976; Ezeasor, 1982; Marui et al., 1983; _ Zuwata and Jakubowski, 1993; Fishelson et al., 2004) , their innervation and central organization of the gustatory system (e.g., Kotrschal and Finger, 1996; Lamb and Finger, 1996; Yoshimoto et al., 1998; Folgueira et al., 2003) , and found these to be quite similar to mammals. Fish are characterized by having more taste buds than any other animal, which can have both an external (extraoral) and internal (oral) location. Contrary to mammals, where the distribution of taste buds is restricted to the oropharyngeal area, taste buds in fish can be found in lips, gill rakers, oral cavity, pharynx, esophagus, and also in the body surface and appendages, such as barbels and fins (Ishimaru et al., 2005) . Extraoral taste buds serve to detect and select food that is in close proximity to the head and is taken into the mouth but oral taste buds appear to have the most important role in determining the final consumption of food, as indicated by fish being often observed to reject a food item after it has been ingested (Kasumyan and Døving, 2003; Hansen and Reutter, 2004) . On the other hand, the number and distribution of taste buds varies greatly according to the species, with overall taste bud density ranking with the species' life style, from benthic to open water or surface feeders. For instance, the presence of external taste buds is characteristic of nocturnal species and those inhabiting benthic environments. Two extreme examples are a catfish species, Ictalurus natalis, possessing more than 175,000 taste buds in the entire body surface, and salmonids, which lack external taste buds and have the highest densities of taste buds (over 30/mm 2 ) in some areas of the palate, mostly in premaxillary and maxillary regions, in ridges around the palatine teeth and, in some species, also in the ridges adjacent to the teeth on the head and shaft of the prevomer, totaling 3000-4000 on the whole palate ( Figure 1d ; Marui et al., 1983; Hara, 1994; Hara et al., 1994) .
Taste buds in fish, as in mammals, have an elongated onion or pear shape, and are located in sensory epithelium innervated by nerve fibers. They are formed by three types of cells: gustatory or taste receptor cells (TRCs), supporting cells, and basal cells. Both TRCs and supporting cells have an elongated shape and run more or less parallel, following the long axis of the taste bud (Figure 1a,b) , and reaching the surface of the epithelium through a pore with variable diameter (2-20 mm), that is exposed to the environment (Figure 1c ). The number of TRCs in a taste bud is highly variable according to species (from 5 to 67) and synapse onto gustatory nerve fibers and basal cells (typically 1-5 per taste bud, located at the bottom of the taste bud). The TRCs terminate with large receptor microvilli and form the receptor area in the pore. The supporting cells also contain microvilli at their apex and surround and separate off the TRCs, and are also attached to the basal cells through desmosomal structures. Between TRCs and basal cells, unmyelinated nerve cells are packed together tightly and form the nerve plexus, which corresponds to the terminal structure of the gustatory nerve (reviewed by Hara, 1994; Kasumyan and Døving, 2003) .
Also similarly to mammals, the segmental organization of the taste system in fish follows an anterior-posterior order with respect to cranial innervation in relation to taste bud location. Three cranial nerves are responsible for relaying gustatory information directly to the central nervous system: (1) the facial (VII) nerve, projecting into taste buds on the extraoral surface (lips, barbels, fins, and body surface) and mandibular arch, including oral taste buds of rostral palate; (2) glossopharyngeal (IX) nerve innervating the pharyngeal arches and posterior part of the oral cavity; and (3) vagus (X) nerve that projects into the branchial arches and pharynx (Hara, 1994; Kasumyan and Døving, 2003; Yasuoka and Abe, 2009 ). These nerves relay information to the primary gustatory centers in the medulla-facial, glossopharyngeal, and vagal lobes, respectively-and from here efferent fibers connect to the secondary gustatory nucleus, which finally project to several nuclei (or tertiary gustatory centers) in the inferior lobe of the diencephalon (Kotrschal and Finger, 1996; Lamb and Finger, 1996; Yoshimoto et al., 1998; Folgueira et al., 2003) .
Finally, although very little is known in fish, the analysis of electrophysiological and behavioral data in carp indicated that there might exist a functional topography of taste receptors in the oral cavity, as the response of rejecting unpalatable pellets has been located to TRCs in the rear of the oral cavity, pharynx, and branchial arches, innervated by the IX and X nerves, while TRCs at the front of the oral cavity innervated by the facial nerve were associated with sensing palatable substances, at least among free FA (Kasumyan and Morsi, 1996) . Nonetheless, this might not be accurate since, although a similar claim was initially done in mammals, which became known as the "tongue map," more recent molecular and functional data has discredited this belief and it is now known that even if there are subtle regional differences in sensitivity to different substances over the lingual surface, responsiveness to the five basic taste modalities is found in all areas of the tongue (Chandrashekar et al., 2006) .
Taste molecular physiology

Taste receptors
In vertebrates, important taste modalities such as sweet, umami, and bitter tastes are mediated by two families of G-protein-coupled receptors (GPCRs), T1Rs, and T2Rs, which are selectively expressed in subsets of TRCs. The first family, which is part of class C GPCRs, contains 3 members, T1R1, T1R2, and T1R3, forming heterodimeric receptors associated with the perception of attractive taste modalities and with the identification of nutrients, like sugars and AAs. In mammals, the T1R1/ T1R3 heterodimer is responsible for the umami taste that is linked to the detection of protein sources, and is a Longitudinal section depicting gustatory cells (yellow) and supporting cells (purple), with apical microvilli which form the taste bud pore, and synapsing into dendrites of neurons that join together to form the gustatory cranial nerves; at the bottom of the taste buds are the basal cells (green), attached to the gustatory and supporting cells through desmosomes; indicated is also the blood supply of the taste bud. c. Scanning electron micrograph of a single taste bud located on an elevated papilla, showing the taste bud pore exposed to the environment (Bar D 20 mm). d. Schematic illustration of the palatal taste bud distribution; each solid dot represents five taste buds and each square corresponds to 1 mm 2 . Adapted from Marui et al., 1983 (© Springer International Publishing. Reproduced by permission of Springer International Publishing. Permission to reuse must be obtained from the rightsholder) (a, c, d) and broadly tuned L-amino acid sensor that is activated by most of the 20 standard AAs (depending on the species), but not their D-enantiomer forms, with responses being enhanced by purine 5 0 ribonucleotides (Li et al., 2002; Nelson et al., 2002; Roura et al., 2008) . Another attractive taste modality, responding to several classes of sweet compounds (in mammals these include natural sugars, artificial sweeteners, D-amino acids, and sweet proteins) as fundamental sources of metabolic energy, is mediated by the T1R2/T1R3 receptor complex (Nelson et al., 2001; Li et al., 2002) . The second family of taste GPCRs, belonging to class A GPCRs (rhodopsin-like), encodes a much larger number of genes (20-35 in different mammal species) that mediate aversive responses to potentially toxic or harmful bitter molecules. Besides being more numerous, these receptors are also quite diverse, some being narrowly tuned up to a single bitter tastant, while others are promiscuously activated by numerous ligands in mammals (Meyerhof et al., 2010) . This probably results from the diversity of bitter molecules found in nature, belonging to many different chemical groups, and the vital need to detect them in order to survive. Such great flexibility is enabled by the fact that class A GPCRs lack the extensive N-terminal characteristic of class C GPCRs that is involved in ligand binding, and the active sites are formed by the juxtaposition of the seven transmembrane helices instead (Temussi, 2009 ). These aspects as well as other structural and functional features of mammalian taste receptors and TRCs have been thoroughly reviewed elsewhere (e.g., Chandrashekar et al., 2006; Temussi, 2009) . Taste perception varies greatly among different lineages and species of vertebrates due to the intimate relationship between taste and a species diet and environment. Nevertheless, the T1R family shows a high degree of conservation across vertebrate evolution and its gene repertoire is practically constant in size across most vertebrates, except for the loss of the T1R2 gene in the sweet-insensitive chicken, its pseudogenization in cats (Li et al., 2005) , the lack of T1R1 in panda bears (Li et al., 2010) , and the absence of all T1R genes in the tongueless western clawed frog. This probably reflects the universal importance of sweet and umami tastes and the relative constancy in number and type of these tastants in most vertebrate species (Shi and Zhang, 2006; Roura et al., 2008) . In contrast, orthologous T2R sequences are highly divergent and the T2R gene repertoire varies greatly among species, from only three functional genes in the chicken up to 49 in the frog, indicating that T2R gene families expanded after the separation of each lineage and that high variability exists in the number and type of bitter compounds detected by different species (Shi and Zhang, 2006; Oike et al., 2007) .
In teleosts these receptors have also been reported. Fish similarly have three types of T1Rs, of which T1R1 and T1R3 have the highest degree of identity to mammalian orthologues. On the other hand, multiple members of fish T1R2 have been found (2-3 in different species, up to 8 genes and 2 pseudogenes in threespine stickleback, Gasterosteus aculeatus), showing almost equivalent identity to both mammalian T1R1 and T1R2 (Ishimaru et al., 2005; Shi and Zhang, 2006; Hashiguchi et al., 2007) . Furthermore, similarly to mammals, fish T1R1 and T1R2 are expressed in different subsets of taste bud cells and T1R3 is coexpressed with either gene, forming T1R1/T1R3 or T1R2/T1R3 heterodimeric receptors (Ishimaru et al., 2005; Oike et al., 2007) . Nevertheless, contrary to what is observed in mammals, where single expression is found only for T1R3 in some cell types, a significant number of TRCs express fish T1R2 genes only, and single expression of T1R1 or T1R3 was also found in a small population of TRCs in zebrafish (Nelson et al., 2001; Ishimaru et al., 2005; Oike et al., 2007) . This indicates that, unlike T1R1 and T1R3, whose functions appear to be conserved across vertebrates, fish T1R2s are not phylogenetically related to mammals and have evolved and acquired a duplicated gene organization to enable a more broadly tuned responsiveness in fish (Ishimaru et al., 2005; Oike et al., 2007) . Regarding the second family of TRs, only 3-6 T2Rs have been reported so far in different fish species, a number far lower than found in mammals (Table 1) , but it cannot be excluded that more fish members exist and have not been identified yet due to their low degree of homology to mammalian T2Rs (Ishimaru et al., 2005; Shi and Zhang, 2006) . Also, similarly to what is found in mammals, fish T1R and T2R genes are spatially segregated and expressed in different TRCs (Nelson et al., 2001; Ishimaru et al., 2005) . Furthermore, exposure of the oral cavity with ligands behaviorally found to be stimulant (L-cysteine) or deterrent (glycine or Texas Red dextran) in brown trout, Salmo trutta, together with a dye, stained different TRCs majorly in separate taste buds ). This suggests that all vertebrates have in common two kinds of taste signaling pathways, an attractive and a deterrent, that are defined by the types of taste receptors that are expressed in non-overlapping populations of TRCs, in spite of some specificities of these pathways in different lineages (Ishimaru et al., 2005) . Characterization of the ligand specificity of fish T1Rs and T2Rs in zebrafish (Danio rerio) and medaka (Oryzias latipes) revealed that both T1R1/T1R3 and multiple T1R2/T1R3 heterodimers responded to AAs (with a different profile depending on the species) and that, contrary to mammals, T1R2/T1R3 was not activated by sugars (Oike et al., 2007) . This probably reflects the fact that dietary carbohydrates are less important for energy metabolism in fish, which rely primarily on gluconeogenesis from AAs (Wilson, 1994) . Even more interestingly, the results suggested that fish mainly detect the taste of AAs by T1R2/T1R3 (widely tuned to AAs) rather than by T1R1/T1R3, which appears to have a more restricted response profile. Current evidence suggests that the ancestral genes responded to AAs and that, during the evolution of mammals, T1R2/T1R3 receptors acquired sugar-responding ability. Moreover, the coelacanth Latimeria chalumnae might be the first fish to recognize sweet substances (Oike et al., 2007; Picone et al., 2014) . Accordingly, teleost T1R2s are more closely related to T1R1s (umami receptor) than to tetrapod T1R2s, while two coelacanth genes grouped together with the tetrapod, rather than the teleost, T1R2s (Picone et al., 2014) . In the case of T2Rs, these responded to the bitter compound denatonium (Oike et al., 2007) . Moreover, it was shown that ligand specificity was correlated with attractive and aversive behaviors to AAs and denatonium, respectively, in zebrafish.
Hence, the presence of a taste receptor-dependent system has been confirmed in fish, which can provide a good explanation for species-specificity in diet selection, and particularly AA preferences. It was suggested that the existence of several T1R2s in fish, as well as the different sensitivities and response profiles of the receptor dimers, could be beneficial in providing a higher range of adaptive responses to the highly diverse aquatic environment, and might indicate some fish-specific functions of T1Rs (Hashiguchi et al., 2007; Oike et al., 2007) . Furthermore, the conservation of the segregation of fish T1R1 and T1R2 in different taste bud cells, in spite of them responding to the same nature of ligands, was hypothesized by the authors as a possible mechanism for discriminating between body-constituting substances (intra/inter species recognition) and energy resources.
This review will focus on taste responses mediated by T1Rs and T2Rs, which are the main types of receptors that have been investigated in teleosts so far.
Nonetheless, it should be kept in mind that taste responses are quite complex and mediated by multiple types of receptors and complex signaling pathways. For instance, in mammals other candidates for the umami taste include taste-specific variants or isoforms of metabotropic glutamate receptors (mGluRs) such as mGluR1 and mGluR4, which are members of another class of GPCRs, binding L-glutamic acid (Yasumatsu et al., 2012) .
Taste signaling
Taste receptors, interacting directly with tastants, represent the first step of taste perception. The activation of these receptors then triggers multiple downstream cascades which transduce the taste signal. Several G-proteins and secondary messengers have been identified as being key to the process of taste transduction. G-proteins function as heterodimers, containing a G a subunit and a G bg dimer, which are responsible for the first step in the GPCR signaling pathway (Sainz et al., 2007) . The first component of the taste signaling pathway to be identified was a-gustducin (G agust ), a G a subunit highly homologous to the visual transducins, which was found specifically expressed in taste cells (McLaughlin et al., 1992) . Mutant mice lacking G agust showed reduced behavioral and electrophysiological responses to bitter, sweet and AA (umami) compounds, which has unequivocally implicated it in the transduction of these tastes (Wong et al., 1996; He et al., 2004) . Nevertheless, these knockout mice still retained some residual sensitivity to bitter compounds, which suggested that multiple G-proteins are implicated. In addition, it was later found that different human bitter receptors can have different affinities toward various members of the G ai family or G bg dimers, and couple selectively with different G-proteins (Sainz et al., 2007) . Upon activation of the taste receptor, the G a subunit dissociates from the G bg dimer and both subunits are capable of independently initiating different downstream signaling cascades, which could imply that different taste receptors might preferentially signal through different pathways (Margolskee, 2002; Sainz et al., 2007) . Similarly to its close relative transducin, G agust interacts with a phosphodiesterase, leading to a decrease in cyclic nucleoside monophosphates, cAMP, or cGMP and, although the subsequent steps have not yet been clearly elucidated, the pathway is thought to lead to the regulation of the TRC ion channel activity (Gilbertson et al., 2000; Lindemann, 2001; Margolskee, 2002; Sainz et al., 2007) . A second type of response, which has been better characterized, is initiated by the G bg released from activated G agust , which activates phospholipase Cb2 (PLCb2) to generate diacylglycerol and inositol triphosphate (IP 3 ), subsequently leading to the opening of Ca 2C channels and elevation of intracellular Ca 2C . Therefore, both pathways finally converge in common elements that mediate TRC membrane depolarization through release of internal Ca 2C stores, culminating in neurotransmitter release on the basolateral side of TRCs, which form synapses with afferent taste nerve fibers (reviewed by Gilbertson et al., 2000; Lindemann, 2001; Margolskee, 2002) . Furthermore, studies with knockout mice have demonstrated that transduction of bitter, sweet and umami tastes share common signaling molecules, such as PLCb2, the taste-selective TRP ion channel, transient receptor potential M5 cation channel (TRPM5), or IP 3 receptor, despite relying on different taste receptors that are spatially segregated in taste buds (Zhang et al., 2003; Hisatsune et al., 2007) .
Evidence so far has shown that many of the downstream effector molecules are shared between mammals and teleosts, suggesting conserved taste signaling mechanisms across vertebrates ( Figure 2 ). The first common taste signaling component to be found in fish was PLC-b2, whose expression was detected in cells with chemosensory-like morphology in several gustatory tissues, particularly in the lip and branchial region, of the medaka fish, Oryzias latipes, and in taste buds in barbels of pond loach, Misgurnus anguillicaudatus (Asano-Miyoshi et al., 2000; Yasuoka et al., 2004) . Ishimaru et al. (2005) later showed that T1Rs and T2Rs are coexpressed with PLC-b2 in zebrafish taste buds, which was also observed for the heteromeric receptors T1R1/ T1R3 and T1R2/T1R3s in medaka (Oike et al., 2007) . Another transduction element, the TRPM5, was found to be expressed in the taste buds of zebrafish, where they co-localize with PLC-b2 (Yoshida et al., 2007) .
The different G protein alpha subunits present in zebrafish were identified and their pattern of expression analyzed in chemosensory tissues (Ohmoto et al., 2011; Oka and Korsching, 2011) . It was shown that although there are many similarities with mammals, there are also some molecular differences, including gene loss or retention, with acquisition of new functions, which have probably arisen as an adaptation to their specific environments. For instance, two independent studies have failed to identify a G agust gene in fish genomes, and it is believed that it was probably lost early in the teleost lineage (Ohmoto et al., 2011; Oka and Korsching, 2011) . Nevertheless, G agust immunoreactivity has been described in barbels of yellow catfish, Pelteobagrus fulvidraco , and in the stomach mucosa of sea bass, Dicentrarchus labrax (Latorre et al., 2013) and common sole, Solea solea (Mazzoni et al., 2015) , although this is possibly due to cross-reactivity with other G alpha proteins sharing high homology. Two G alpha genes, Gi1b and G14a, were found expressed in zebrafish taste buds from a very early stage, just shortly after hatching, while Ohmoto et al. (2011) found Gia and G14 to be expressed in mutually exclusive subsets of TRCs in adult fish. Furthermore, analysis of the expression of known T1R and T2R genes in zebrafish revealed that these were expressed only in a subset of TRCs expressing Gia, and it was concluded that there must be a novel subset of TRCs in fish, not found in mammals, which co-express G14 and yet unidentified type(s) of GPCRs (Ohmoto et al., 2011) .
Finally, disruption of taste signaling pathways in transgenic medaka fish with inhibited Ga i2 (suppressing PLC-b2-signalling) led to an inability of fish to show preference for an attractive (containing AAs and inosine monophosphate) or aversion towards a bitter (containing denatonium benzoate) food item (Figure 3 ). This observation reinforced the existence of common molecular effectors of these two modalities, particularly PLC-b2 (but probably also others, such as TRPM5), in fish as in mammals (Aihara et al., 2008) .
Taste preferences
The functional properties of the fish gustatory system have been mainly assessed through electrophysiological studies that, complemented by behavioral experiments, enabled collecting extensive information on fish taste preferences. It is important to contrast both types of information since behavioral responses and electrophysiological studies are not always correlated, indicating that positive taste responses are not necessarily synonymous to excitability of the fish taste system or, at least, that the threshold concentrations to elicit a response can be quite different (Kasumyan and Døving, 2003) . Such studies were systematically performed in a wide variety of fish species and populations, mostly in the 1980s and 1990s. All the classical taste modalities have been examined in fish (reviewed by Kasumyan and Døving, 2003 )-sweet, sour, bitter and salty, typically represented by sucrose, acetic or hydrochloric acid, quinine, and sodium chloride, respectively-but, without doubt, the substances that have received by far the most attention are free AAs. There is therefore a vast amount of information on specific taste preferences of several species with respect to different types of taste substances, which has been thoroughly reviewed elsewhere (Hara, 1994; Kasumyan and Døving, 2003) .
As discussed earlier, fish and mammals appear to share similar mechanisms for taste discrimination. Both attractive and aversive taste modalities have been well described, with several types of substances (AAs, quaternary amines, nucleotides and nucleosides, organic acids) being preferred, and other compounds (quinine hydrochloride, caffeine, denatonium benzoate, and some Figure 3 . Transgenic medaka model, with a taste-blind phenotype, developed to assay molecular mechanisms of taste preference-aversion in medaka. a. A behavioral assay with wild-type medaka fish determined that foods containing amino acids and inosine monophosphate (IMP) are preferred (red stars) and denatonium benzoate, which is a highly bitter substance for mammals, is aversive (blue circles). b. Medaka fish expressing a dominant-negative mutant of Gai2 in both T1R-expressing and T2R-expressing cells, in which taste signal transduction to PLC-b2 is inhibited, were no longer able to discriminate preferable and aversive tastants ( AAs), that are perceived as bitter by humans, activating taste nerves and/or inducing aversive behaviors. Although there is no clear concept explaining these preferences and it is difficult to generalize, attractive tastes of substances are often explained in terms of the role they play in metabolic or energetic processes or based on the animal's feeding ecology (Adams and Johnsen, 1986; Kasumyan and Døving, 2003) . Sucrose, for instance, is an interesting case. It has been found indifferent or even deterrent in several species, including channel catfish, Ictalurus punctatus (Kanwal and Caprio, 1983) , brown trout (Kasumyan and Sidorov, 2005) and kutum, Rutilus frisii kutum (Goli et al., 2015) . This is not too surprising, considering its low predominance in aquatic food webs and lack of dietary requirements (low nutritional value) for carbohydrates in fish, even though this varies considerably among species, with warmwater species utilizing more effectively higher levels of carbohydrates than coldwater and marine fish (Wilson, 1994) . Additionally, this fits well with current knowledge on the ligand specificity of T1R2/T1R3 receptor dimers, as previously discussed. In spite of this, other studies have found a positive behavioral response in a few species and examination of the available literature suggested that sucrose is generally palatable for herbivorous or omnivorous fish in which algae is the main component of the diet, and is indifferent for carnivores (Kasumyan and Nikolaeva, 2002; Kasumyan and Døving, 2003) . This generalization of a lower responsiveness to sugar in carnivores has also been made in mammals, with the most extreme example being cats, which possess a non-expressed pseudogene for T1R2 (Li et al., 2005) . Nevertheless, several exceptions exist and, for instance, a palatability study on rainbow trout, Oncorhynchus mykiss, found that sugars evoked a positive response in this species (Jones, 1990) , while in katum the response varied from deterrent, stimulant or indifferent depending on sucrose concentration (Goli et al., 2015) .
The main focus of this review will be the taste modality associated with sensing protein sources. An interesting aspect of taste AA preference in fish is that, in spite of the nutritional importance and strict requirement for essential AAs (EAA), these are not always among the most palatable AAs (Papatryphon and Soares, 2000a; Kasumyan and Døving, 2003) . Similarly, in mammals, T1R1/T1R3 dimers respond to most of the standard 20 L-AAs (except in humans, in which the umami taste is mainly elicited by L-Glu and a few other non-essential AAs such as L-Asp and L-Gln), and there is no preference towards EAA. Furthermore, umami preference is only enhanced when protein intake exceeds requirements, while in situations of overall protein malnutrition or EAA deficiency feeding preference is directed towards NaCl or sources which contain the deficient AA (Bellisle, 1999) . Therefore, the preference towards umami taste is a mechanism that ensures that the body receives an adequate supply of balanced protein sources rather than to mitigate AA deficiencies. On the other hand, an important difference with respect to mammals is that protein sensing in fish does not always show a synergistic interaction of AAs with nucleotides, that are present in large amounts in decaying biological tissues (Kubitza et al., 1997; Oike et al., 2007; Yasuoka and Abe, 2009) , which is characteristic of the mammalian umami taste receptors (Lindemann 2001; Nelson et al. 2002) . Nevertheless, 5 0 -nucleotides are well known and powerful gustatory stimulants on their own (Hara, 1994; Kubitza et al., 1997; Li and Gatlin, 2006) . For instance, facial taste fibers in channel catfish that respond to AAs have a low responsiveness to nucleotides and vice versa (Kohbara et al., 1992) .
Free AAs are strong elicitors of electrophysiological and behavioral responses (mostly stimulatory, although some AAs can be deterrent and, very often, indifferent) in all fish species examined so far, but the spectra of AAs causing such responses can be quite variable. In this respect, fish species are generally divided in two groups: (i) those with a wide response range, responding to many different types of AAs (e.g., channel catfish, tilapia, mullet, and Japanese seabream) and (ii) those with a limited response range, responding only to a few AAs (e.g., salmonids, eel, cyprinids, pufferfish, yellowtail, and amberjack) (Hara, 1994) . Within the same species, the gustatory AA specificity of the oral and extraoral system is generally highly correlated, although in some species the range of efficient stimuli can be higher for extraoral gustation (Kanwal and Caprio, 1983; Kohbara and Caprio, 2001; Shamushaki et al., 2008) . Nevertheless, in species with a highly developed extraoral system, such as channel catfish, oropharyngeal taste buds innervated by the glossopharyngeal and vagal nerves have been found to have a higher threshold (i.e., a lower sensitivity) to specific AAs, than those innervated by the facial nerve (Kanwal and Caprio, 1983; Ogawa and Caprio, 2010) . Furthermore, threshold concentrations assessed through the number of food pellets caught and consumed by Persian sturgeon, Acipenser persicus, were higher for the intraoral than the extraoral gustatory system (Shamushaki et al., 2008) . It is thought that this reflects the need for higher sensitivity associated with appetitive or food searching behavior than with the consummatory phase of feeding.
One of the most remarkable aspects in fish is the highly species-specific nature of their preferences, particularly with respect to intraoral taste. Taste preferences in fish are believed to be genetically determined and independent of population, sex or previous feeding experience, showing low plasticity (Kasumyan and Døving, 2003) . Although some individual variability has been detected, it is much less marked for substances showing higher attractiveness (Kasumyan, 2000) . On the other hand, it appears that there are no phylogenetic relationships since, in most cases, correlations in taste preferences between species sharing a close systematic position have not been found (Kasumyan and Døving, 2003; Shamushaki et al., 2008; Goli et al., 2015) . In addition, no associations were found also with respect to ecology and feeding habits (Kasumyan and Nikolaeva, 2002) , not even between sympatric species, while different stocks or populations of red sea bream, Chrysophrys major, or brown trout from widely isolated and distinct geographic regions were shown to have similar taste preferences (Goh and Tamura, 1980a; Kasumyan and Sidorov, 2005) . Furthermore, two forms of three-spined stickleback living predominately in either freshwater or marine environments also showed similar taste perception and behavior (Kasumyan and Mikhailova, 2007) . Another interesting example was described by Kasumyan (1999) who compared the olfactory, extraoral, and oral taste senses in three closely related sturgeon species (Russian, Siberian, and stellate sturgeons). This author found that although the range of effective olfactory stimuli was very narrow (only Gly and L-Ala induced a strong behavioral response), it was highly similar between species. On the other hand, 12 AAs were highly effective as extra-oral tastants but their order of effectiveness varied among sturgeon species. Conversely, no correlation existed in oral taste response, since these species did not share a single AA that stimulated the consumption of pellets. Based on these observations, Kasumyan (1999) concluded that olfaction is a much more evolutionarily stable chemosensory system, and the same might be said with respect to the extraoral taste sense, compared to the oral system.
Hence, the number, type, and order of palatable AAs in different fish species are highly variable (Table 2) . Still, the analysis of the palatability of free AAs in 21 fish species has shown that those that are most frequently stimulatory, in a larger number of species, are L-alanine > Lcysteine > L-serine > L-glutamine D L-glycine D L-glutamic acid D L-tyrosine (Table 3 ; Kasumyan and Døving, 2003) . Some generalizations have also been made when comparing carnivorous and herbivorous fish. According to Adams and Johnsen (1986) , carnivorous fish in general show preference towards Ala, Gln, Gly, Pro, Arg, taurine, and betaine while herbivorous fish (Tilapia zillii) prefer Glu, followed by Asp, Ser, Lys, and Ala. On the other hand, electrophysiological studies show that Ala, Gly, and Pro tend to be highly effective AAs in activating taste receptors in many fish species, although this does not necessarily imply stimulatory responses (Kiyohara and Hidaka, 1991) .
It is still fairly obscure how taste molecular physiology relates to taste preferences in fish. It is very likely that T1Rs are capable of directly affecting feeding behavior, and the existence of multiple members of T1R2, increasing the combination possibilities of receptor heteromers, could be related to the high taste diversity in teleosts. In addition, the high diversification of T1R2 genes in stickleback, which has the largest number of genes found so far in any vertebrate species (eight genes and two pseudogenes), as well as high intraspecific polymorphisms, again suggests a genetic origin to the high level of phenotypical diversity in feeding behavior (Hashiguchi et al., 2007) .
Not much work has been done to characterize the ligand specificity of the different taste receptors. Nevertheless, data so far indicate strict requirements in terms of the molecular structure of their ligands, considering how gustatory responses to AAs are highly stereospecific, with L-isomers being more stimulatory than the corresponding D-enantiomers in most species studied. On the other hand, neutral AAs containing two or fewer carbon atoms and having unbranched and uncharged side chains are usually powerful gustatory stimuli, while acidic AAs are poorly stimulatory and the efficacy of basic AAs is highly variable and dependent on the species (Papatryphon and Soares, 2000a; Kasumyan and Døving, 2003) . Also, peptides tested so far are less effective than their AA residues (Kasumyan and Døving, 2003) . Furthermore, the existence of different independent receptor mechanisms (not necessarily stimulatory) has been proposed for L-Ala, L-Arg, and L-Pro, based on electrophysiological studies in channel catfish (Kanwal and Caprio, 1983; Kohbara et al., 1992; Kumazawa et al., 1998) , and it was additionally suggested that L-Ala and other short-chain neutral AA activate GPCRs that indirectly gate membrane ion channels via second messengers while L-Arg and L-Pro directly activate cation ion channels (Kohbara et al., 1992; Kumazawa et al., 1998) . The induction of ion channel activity by L-Arg (and its blocking by D-Arg) binding to ligand-gated ion channel receptors from catfish barbel epithelium was later clearly demonstrated by Grosvenor et al. (2004) . Moreover, relatively independent receptor sites for these and other (L-His, D-Ala, and Gly) AAs were characterized in the sea catfish, Arius felis, and results suggested that receptor site types are differentially arranged on taste cells that are innervated by different facial taste neurons, generating different patterns of taste fiber specificities (Michel and Caprio, 1991) . Additionally, it was observed that although catfish taste buds contain receptor sites for both L-Ala and L-Arg, these tended to localize in separate taste pores, meaning that individual taste cells preferentially express taste receptors specific to either L-Ala or L-Arg . In the palate of salmonids, Table 2 . Stimulatory effectiveness of amino acids in some teleost species, assessed through feeding behavior and food consumption studies (nd-not determined). Possibly L-Lys, betaine, L-Tyr, L-Thr, L-Leu, L-His, L-Cys (not statistically significant)
Species
Possibly L-Met (not reaching statistical significance) Goh and Tamura (1980b) Striped bass, Morone saxatilis Non-essential neutral AAs, particularly L-Ala and L-Ser, betaine and IMP (maximum response when all combined) nd nd Papatryphon and Soares (2000a) the existence of at least three independent receptor types has also been suggested, including (i) proline (proline, hydroxyproline, and alanine), (ii) betaine (betaine and La-amino-b-guanidino-propionic acid), and (iii) leucine (leucine and phenylalanine) (Marui et al., 1983) , and at least three different groups of receptor sites, or taste cells, were suggested in the palate of the puffer, Fugu pardalis, including those for (i) alanine, glycine and sarcosine, (ii) proline and dimethylglycine, and (iii) betaine and dimethylglycine (Kiyohara and Hidaka, 1991) . This data is consistent with the molecular characterization of T1Rs that demonstrate that fish detect AAs not only by T1R1/ T1R3 but also by multiple T1R2/T1R3s, which are expressed in segregated taste bud cells, and that medaka's T1R1/T1R3 responds well (almost specifically) to L-Arg, T1R2a/T1R3 and T1R2b/T1R3 to L-Ala, as well as other AAs (including L-Arg), and T1R2c/T1R3 mostly to L-Pro as well as L-Ala (Oike et al., 2007) . Nonetheless, there is still limited information on how this links to the capacity of fish species to behaviorally discriminate between different AAs and how olfaction and taste participate in this behavior.
Feeding stimulants
In the context of fish farming, there are two concepts to take into account regarding chemosensory aspects of food and their potential effects on feeding behavior, which can affect aquaculture productivity in different ways: (i) chemical attraction and (ii) feeding stimulation.
In the first case, the usage of attractants in feed may lead to faster feeding and, through good feeding management, a reduction in feed wastage, thus improving water quality and reducing feeding costs, but it does not necessarily lead to improved growth and feeding efficiency. On the other hand, feeding stimulants can affect satiation and hence modulate the total amount of ingested food, with possible effects on animal performance. Feeding involves multiple sensorial stimuli but evidence suggests that taste plays a more important role than olfaction in the feeding behavioral response of fish to AAs (Goh and Tamura, 1980b) , although this might depend on the species. In salmonids, for instance, food search behavior appears to be initiated primarily by olfaction, and is then completed by gustation, while in channel catfish gustatory stimuli alone might be sufficient to control feeding behavior (Hara, 2006) . Nevertheless, taste, more specifically intraoral gustatory reception, is what ultimately determines the actual level of consumption. This was demonstrated in studies with carp, Cyprinus carpio, and cod, Gadus morhua, which assessed simultaneous effects of olfaction and taste on gustatory preferences and food consumption, showing that although an attractive food odor affects feeding behavior (associated with a higher food motivation), the level of consumption of attractive, deterrent, or indifferent taste food particles did not change .
In spite of the high species specificity in taste preferences, as discussed earlier, there is a general belief that substances that act as potent attractants or feeding stimulants are usually low molecular-weight metabolites that are important tissue components (although some minor components have also been identified) of the main prey items that constitute the specie's natural diet. This derives mainly from the observation that feeding stimulants for herbivorous and carnivorous fish are generally different (Adams and Johnsen, 1986) . Carr et al. (1996) determined the main components in extracts of tissues from 10 species of marine fishes and 20 species of invertebrates (mollusks and crustaceans) and concluded that two of the major tissue components (Gly and Ala) in these groups are also the two most frequently cited feeding stimulants in 35 species of teleosts. Furthermore, mollusks and crustaceans contain high concentrations of five of the most frequently cited stimulants in carnivorous fish (Gly, Ala, Pro, Arg, and betaine) and distinctions have even been made between carnivores from lower (feeding on invertebrates; e.g., soleidae) or higher (feeding on fish) trophic levels with respect to the stimulatory efficacy of betaine, which is present at high levels Table 3 . Palatability of amino acids (L-isomers) assessed in 21 different fish species (20 species in the case of cysteine and norvaline), showing a stimulant or deterrent effect; species in which AAs where indifferent are not represented (adapted from Kasumyan and Døving, 2003) . in invertebrates but only in trace amounts in teleost fish tissue (Mackie et al., 1980; Carr et al., 1996; Reig et al., 2003) . On the other hand, in the case of the herbivorous tilapia, the major stimulatory AAs (Glu, Asp, Ser, Lys, and Ala) are also particularly abundant in romaine lettuce, a plant which they normally consume (Adams and Johnsen, 1986) . Several different types of substances, besides free AAs, have been recognized as attractive to fish. These include quaternary amines such as betaine (glycine betaine, trimethylglycine), nucleotides, carboxylic acids (e.g., citric acid, lactic acid, butyric acid, etc.), bile salts, steroid hormones, and prostaglandins. Although it has not been characterized, it is generally believed that the receptor sites and response mechanisms to these substances are independent, which is used to explain additive effects and synergistic interactions when more than one type of stimulatory substance is combined (Hara, 1994, Carr and Derby, 1986; Papatryphon and Soares, 2000a) . Betaine, for instance, not only markedly stimulates receptors in the puffer, but also enhances the response to some AAs in the puffer, red sea bream and mullet, Mugil cephalus (Goh and Tamura, 1980a; Kiyohara and Hidaka, 1991) . In the case of AAs, it has been reported that while some mixtures are effective feeding stimuli, the individual AA components of the mixture, when presented singly, are often not stimulatory (Adams and Johnsen, 1986) . In addition, synergistic responses (in comparison to their individual components) have been observed when testing binary mixtures of equipotent molecules, and this was explained by the likely activation of independent taste receptors that are expressed on the same and/or different taste cells innervated by a single fiber (Ogawa and Caprio, 2000) .
Therefore, there is an obvious practical interest in further characterizing the different taste receptor mechanisms present in fish, including possible interactions, with the aim of being able to specifically design stimulant mixtures that can be used to modulate feed intake in aquaculture. This would be of particular interest during times of depressed appetite associated to specific physiologically stressful events, to wean postlarval stages from live food into formulated feeds, to mask deterrent substances (e.g., certain therapeutical or antimicrobial ingredients such as antibiotics or essential oils) or when using alternative ingredients (e.g., plant meals) with low palatability in fish feed formulations.
Gastrointestinal taste-like chemosensing
For many years, taste was associated simply with gustatory sensations, or the perception of food properties, in the oral cavity and pharynx. Nevertheless, this changed with the discovery that many taste receptors and signaling elements can also be found in epithelial cells other than taste buds, spread throughout the gastrointestinal tract, in respiratory tissues and even in brain, testis, and spermatozoa (Li, 2013) . Despite the similarities in receptors and signal transduction cascades, the current line of thought is that these systems evoke a response other than the sensation of taste and serve different functions depending of their location (Finger and Kinnamon, 2011) .
The first taste signaling element that was described outside of the mouth was G agust , which was identified in the stomach and intestinal lining of the rat, in brush cells sharing structural similarities with TRCs (H€ ofer et al., 1996) . Later, members of the T1R and T2R taste receptor families were also described in enteroendocrine cells along the gastrointestinal tract (Wu et al., 2002; Rozengurt et al., 2006; Jang et al., 2007; Margolskee et al., 2007; Hass et al., 2010; Daly et al., 2013) and their activation was found to trigger hormonal and neural pathways culminating in functional responses regulating digestive and absorptive functions, secretion, gut motility, food intake, and metabolism. In the mammalian stomach, secretory cells containing T1Rs and T2Rs and sensing sweet, AAs and bitter ligands, regulate the secretion of ghrelin, an appetite-inducing peptide which additionally has important effects in gastrointestinal motility, accelerating gastric emptying, as well as in metabolism, influencing fat utilization (Hass et al., 2010; Janssen et al., 2011) . On the other hand, sensing of luminal glutamate has been shown to activate the gastric afferent vagus nerve, leading to the secretion of gastric acid and pepsinogen, and possibly also enhancing gastric mucosal defense (Uneyama et al., 2006) , an effect most likely mediated by metabotropic glutamate receptors (mGluRs), another subtype of class C GPCR, found in the gastrointestinal tract. In the proximal intestine, different taste receptors can be found in L, K and I enteroendocrine cells. Their activation by sweet ligands in L and K cells leads to the release of glucagon-like peptides 1 and 2 (GLP-1 and GLP-2) and glucose-dependent insulinotropic peptide (GIP), which in turn enhance insulin secretion from pancreatic b-cells, glucose absorption (upregulation of Na C -glucose cotransporter 1) and intestinal growth (Jang et al., 2007; Margolskee et al., 2007) . As a result of these positive effects, artificial sweeteners are nowadays commonly used in intensive livestock production, particularly in early-weaning piglet diets, to enhance gut structural maturity and avoid problems of nutrient malabsorption, diarrhea, malnutrition, and dehydration commonly observed at this stage (Shirazi-Beechey et al., 2014) . Furthermore, T1R1, T1R3, G agust , and cholecystokinin (CCK) are coexpressed in enteroendocrine I cells and activation of the umami receptor dimer by several L-AAs (but not by D-isomers) stimulates CCK secretion, an anorexigenic peptide that inhibits food intake, slows gastric emptying and stimulates pancreatic and gallbladder secretions (Daly et al., 2013) . Activation of T2R receptors by bitter substances in the intestine can also stimulate the release of CCK by enteroendocrine cells, which then acts on neighboring enterocytes to enhance xenobiotic detoxification. For instance, CCK upregulates ABCB1, a member of the ABC type membrane transporters that limits the absorption of bitter tasting/toxic substances by enhancing efflux activity from the gut epithelium (Jeon et al., 2011) . In addition, CCK slows down gastric emptying, reducing the rate at which potentially toxic substances enter the intestine (hence providing more time for detoxification) and also lowering the drive to continue eating (Glendinning et al., 2008) . Expression of T2Rs, T1R3, and G agust has also been detected in enteroendocrine cells of human colon, where they colocalize with GLP-1 and peptide YY, a peptide that is known for its anorexigenic role (Rozengurt et al., 2006) . In conclusion, sensing of nutrients and potentially hazardous compounds reaching the stomach and present throughout the gastrointestinal tract, via taste receptors coupled to enteroendocrine responses, enables the body to orchestrate an adequate physiological response. This can either be the preparation for optimal digestion and absorption of nutrients or the neutralization and expulsion of toxins, and also involves the signaling of post-prandial satiety to incite or, alternatively, prevent further ingestion.
In comparison to mammals, very little is known regarding gut chemosensing ability in fish. The presence of mRNA of tas1r2-like and tas1r3-like receptors, as well as of a gnat3-like (gene expressing a-gustducin) transcript, has been reported in the midgut of rainbow trout (Polakof and Soengas, 2013) . In addition, the transcription of these genes responded to simple hexose sugars, particularly in vitro, although the expression pattern was inconsistent and different from a few omnivorous or carnivorous mammals for which gut glucosensing has been described. Nevertheless, considering that glucose is not the main source of energy for carnivorous fish, and that carbohydrate metabolism is often considered altered in many teleost species (Polakof et al., 2012) , it is possible that these taste receptors have higher importance as protein sensors and regulators of AA and peptide transport. Moreover, elements of the taste signaling pathway have been found in the gastrointestinal tract of different fish species, most likely within cells with an endocrine nature, meaning that these can release key peptides and hormones controlling digestive functions, gut motility, food intake, and metabolism, similarly to mammals. For instance, a-transducin (G atran ) immunoreactivity was detected in enteroendocrine cells of the gastrointestinal tract of sea bass, mainly in the stomach, but also in the intestine (Latorre et al. 2013 ). In addition, G agust -like immunoreactivity was found in some of the G atran -positive cells in sea bass stomach and, even more interestingly, gastric G atran -immunoreactive cells co-expressed ghrelin, obestatin and 5-hydroxytryptamine immunoreactivity. The co-localization of G atran and ghrelin in sea bass stomach is consistent with data in mouse, where the activation of bitter taste receptors was found to stimulate ghrelin secretion via G atran and G agust , which co-localize with ghrelin in gastric enteroendocrine cell populations (Janssen et al., 2011) . Nevertheless, no colocalization was found for G atran and somatostatin, gastrin/CCK, GLP-1, substance P or calcitonin-related peptide in any of the segments of the sea bass gastrointestinal tract (Latorre et al., 2013) . A recent study performed with common sole, Solea solea, has also found G atran and G agust -immunoreactive cells in enteroendocrine-like cells in the gastric mucosa of this species and, furthermore, described a dose-response increase in the density of these immunoreactive cells and in the gastric area after long-term feeding diets with increasing amounts of mussel meal, which functions as an attractant or feeding stimulant for this species (Mazzoni et al., 2015) . This was the first report so far indicating that taste-signaling elements in the gastrointestinal tract can be regulated by dietary protein changes in fish and suggests that highly palatable diet components that function as gustatory stimulants might also activate functional pathways via these "taste-like" signaling mechanisms.
Finally, although evidence is circumstantial and causative links and mechanisms of action still need to be established, several studies have shown that the use of dietary feeding stimulants such as protein hydrolysates or mixtures containing different AAs, betaine and nucleotides, in addition to increasing food intake, have also the potential to improve fish performance (growth and feeding efficiency), digestive efficiency and maturation of the digestive system (in both cases affecting enzymatic activities), or nutrient absorption and retention in a variety of fish species (Takii et al., 1986 (Takii et al., , 1994 Dias et al., 1997; Papatryphon and Soares, 2000b; Hirt-Chabbert et al., 2012) . This further supports the hypothesis that teleosts, just like mammals, might be able to "taste" digestive intraluminal contents and locally elicit functional responses leading to enhanced growth and performance. Nevertheless, a more "classically" accepted mechanism such as that of a cephalic reflex to the sensorial characteristics (olfactory and gustatory) of the food, including the anticipation of eating (Giduck et al., 1987) , which is also believed to operate in fish (Papatryphon et al., 2001) , cannot be disregarded. Therefore, acquiring further knowledge on these mechanisms, and how they might be modulated in fish, could open new possibilities for enhancing the utilization of diets containing low cost and more readily available feedstuffs (e.g., plant based), that often have not only low palatability but are also less digestible for fish and, in some extreme cases, can even cause damage to the gastrointestinal epithelium.
Conclusions
As knowledge in fish taste physiology progresses, it is likely that further information will be collected over the next decade linking molecular variability in taste receptors and signaling elements, ligand specificities, and taste preferences, which ultimately determine diet selection and feeding behavior in teleost species. In addition, it opens up opportunities for the characterization of the different taste response mechanisms present in fish oral and extra-oral (including the gastrointestinal tract) tissues as well as potential synergistic interactions. This knowledge is of practical interest in aquaculture, as it can be used to formulate fish feeds containing ingredients and/or additives (attractants/stimulants) enabling a better utilization of the diets through the modulation of feeding behavior and food intake, and possibly also through functional effects on gastrointestinal digestive physiology.
